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Introduction
The spatial variability of concrete is an important characteristic, which qualifies the non-homogeneity of mechanical and physical properties on structural components. It derives from the intrinsic variability of composition (e.g. size and nature of aggregates), the environmental conditions during the life of the structure (e.g. temperature and humidity) and the implementation conditions (e.g. workmanship). Assessing the spatial variability of concrete structures can be of major interest for either locating potential damaged areas in an existing structure, or reliability analysis.
Theoretically, it is possible to directly assess the spatial variability, but this is very difficult in practice and impossible in many situations, since it requires a high number of cores. It is reason why non-destructive testing (NDT) techniques have been considered as an interesting tool for providing access to material properties while maintaining moderate cost [3] . Several NDT have been used to assess the variability of concrete in the framework of French research projects [1, 2] . However, most of studies have been performed on specimens in the laboratory. The spatial variability is rarely evaluated on existing structures. In fact, electrical resistivity and radar techniques are sensitive to water content [6] , chloride [9, 10] , and porosity [14] . Ultrasonic and rebound hammer techniques are widely used for mechanical properties evaluation such as strength as well as Young's modulus [3] . The simultaneous use of these techniques can provide an efficient evaluation of the spatial variability of concrete structures.
On one hand, assessing the spatial variability is often limited to scatter estimation. The material property is considered as a random variable, whose value at a specific point can be seen as the realization of a random experiment. In this case, the spatial variability is often quantified by the coefficient of variation of a measurement set, which is standard deviation divided by the mean. On the other hand, recent reliability studies have shown that the spatial correlation may govern the reliability of structural components [12] . It is considered that the values taken by the material property at two close points can be very close, and that the difference increases when two point are taken at some distance. In the second case, assessing the spatial variability is based on the sample variance at some specific distance, named the correlation length. First studies have been devoted to the estimation of the spatial correlation of NDT measurements [5, 11] . This paper analyzes recent and original works on the concrete variability evaluation using NDT techniques. An outdoor site-test was first implemented in the laboratory. This site-test was made of five reinforced concrete slabs of 2x2.45x0.2 m 3 with different strengths ranging from 25 to 45 MPa. The concrete slabs have been designed with characteristics of existing structures such as dimensions, strength, concrete cover, etc. The methodology consists of performing statistical analysis for assessing the spatial variability and estimating the required minimal number of NDT measurements at three scales: point (repeatability), local and global. According to the laboratory results, NDT measurements were also carried out on the piers of a bridge as an on-site case study, focusing on the estimation of mechanical strength.
2 Assessing material variability on model slabs
Experimental program: outdoor site-test and NDT
A large experimental program was conducted using NDT techniques on a site-test in outdoor environment. This testing site was made of five reinforced concrete slabs of 2x2.45x0.2 m 3 . The slabs were cast with industrial concretes of different strengths ranging from 25 to 45 MPa. The rebar grid has a regular spacing of 45 cm, and is made of HA10 and HA14 steel bars. This grid serves as a basis for the analysis of variability: the 45x45 cm² area is considered as a testing area. For each concrete mix, 12 cubic specimens of 15x15x15 cm 3 were manufactured and stored under the same exposure conditions as the slabs [8] . The specimens are used for the destructive tests (compression test, porosity, water content) at the same time (day) as NDT measurements. Several NDT were also carried out on the specimens in order to compare them with those on the slabs. (2) Electrical resistivity measurements were performed using a four-probe device adapted to on-site investigations [7] . The result is given in terms of apparent resistivity. This technique allows the assessment of near surface material properties; (3) Radar (Ground Penetrating Radar -GPR) measurements were performed on the slabs by the GSSI SIR-3000 system. An antenna of 2.6 GHz frequency was continuously moved on the slab surface with a regular spacing between profiles, along longitudinal and transversal directions; (4) Rebound hammer measurements were performed on three different sides (lateral, bottom, top) of each specimen, and at 16 test points for each side with a regular spacing of 3 cm. On the slabs, 36 measurements were performed with a regular spacing of 5 cm in each testing area.
Then the spatial variability was quantified at three scales:
-Variability V R results from the imperfect repeatability of measurements, which corresponds to the measurement error due to the equipment and contact between sensor and concrete surface. V R was estimated by repeating 20 times the same measurement at a given point in the course of a few minutes. This is not possible with rebound, since the hammer damages slightly the surface of testing point;
-Variability V L results from the internal variability of the material at local scale (small distance), for example, within a reinforcing mesh or the specimen size. The local variability represents the irreducible constitutive non-homogeneity of the material (e.g. that due to spatial distribution of aggregates or surface roughness). V L was estimated in each testing area (reinforcing mesh or specimen surface);
-Variability V G results from the variability of the material at global scale (large distance) i.e. on many testing areas within a slab. Each slab has nine or fifteen testing areas. These areas were evenly distributed over the surface of the slabs. Then the global variability is estimated by all measurements.
This enables uncertainty evaluation (making the part between what is due to non-perfect measurements and what comes from real material variability) and estimation of the minimum number of measurements in order to assess the material properties with a given level of confidence.
Experimental results: magnitude of variability and spatial correlation
The statistical results are summarized in Table 1 for three concrete mixes (D1, D3, and D5 slabs) and their specimens, noted SP. The measured parameters are the compressive strength (F c28 ) in MPa at 28 days, direct and indirect UPVs in m/s, electrical resistivity ( a ) in Ω.m, rebound, and GPR positive amplitude of direct signal. Table 1 specifies the mean (m) and the coefficient of variation (CV, in %). Two parameters are used:
-The first one quantifies the overall variability at the slab/specimen scale (V G /V SP ).
-The second one is the mean value of all local variabilities calculated on all testing areas (V L ). for rebound, and 4.7-5.6% for GPR positive amplitude. The electrical resistivity is more variable, which ranges from 5.1% to 12.2%. The magnitude of CV seems to be a little lower for the D5 slab having the highest strength. The D1 slab has intermediate values. As a consequence, the D1 slab was selected to discuss further the variability in the following. In all cases, the global variability V G of the slabs is larger than the average value of the local variability V L .
In the next step, the concrete properties are studied as being spatially correlated using geostatistical tools. The variogram is a practical mean for describing the spatial correlation. The experimental variogram at the lag distance h is computed by equation 1, with N being the number of pairs for lag h; z is the measured value at the location u in the study area.
In practice, for the variogram to be reliable, lag cannot be larger than half the size of the study area [13] . For example, the experimental variograms of UPV and electrical resistivity are plotted in figure 1 for the D1 slab. These variograms were built for a maximal lag of 100 cm, which is half of the slab width. On the same graphs, experimental values (drawn from measurements) and a model curve are superimposed. When analyzing variograms, three characteristics are usually discussed, namely the range, the sill and the nugget. The range is the lag distance at which the measured values are uncorrelated (independent). In this case, it can be named the correlation length of NDT measurements. The sill is the variance value at which the variogram level off. In some case, the maximal value of variogram is used as information corresponding to the global variability. The nugget quantifies the variability at distances smaller than the minimal spacing of measurements, including the measurement error.
The UPV variogram shows that the measured values are generally uncorrelated (independent). The maximal variance of this variogram is equal to 23141 in m²/s² at the lag of 70 cm. This value infers a variation of 152 m/s, which corresponds to the global variability of UPV measurements on the D1 slab. The nugget effect is equal to 17570 in m²/s². This value shows that the local variability of UPV is about 133 m/s, including the measurement error. The electrical resistivity variogram can be modeled by a spherical model with a specific range of 60 cm and a sill of 9.1 in ohm².m². This sill infers a CV of 8% regarding the mean value, which corresponds to the global variability of electrical resistivity measurements on the D1 slab. The first points of this variogram present a high correlation of measurements. The nugget effect is equal to 0.8 in ohm².m². This value shows that the local variability of electrical resistivity is about 2.4% at distances smaller than 5 cm, including the measurement error. 
Estimation of the minimum number of measurements
The minimum number of measurements is calculated on the basis of CV values corresponding to each specific survey [3, 4, 7] . Supposing that the set of measurements (x 1 ,…, x n ) is a sample from a normal distribution with unknown mean μ and unknown variance ², the confidence interval for μ with 100(1 -) percent confidence denotes as follows:
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with x is the observed mean, s is the estimated standard deviation, n is the sample size (measurement number),
is obtained from t-distribution. Hence, the measurement number for estimating the measured average within ε percent accuracy can be derived as:
with CV (in %) being the coefficient of variation for a set of measurements. The CV values of NDT measurements on the D1 slab are presented in Table 2 . With each NDT technique and level of confidence being given, equation 3 provides the relationship between a target accuracy ɛ and the resulting minimum number of measurements, or reversely, the accuracy ɛ corresponding to a given number of measurements. Table 2 . CV values and required numbers of measurements on the D1 slab Technique 95% confidence interval for the mean evaluation and 5% accuracy, the minimum numbers are also summarized in Table 2 at three scales (repeatability, local, global), for four NDT techniques. At the local scale, it is at least 3 for UPV, 5 for electrical resistivity, 9 for rebound and 4 for GPR positive amplitude. At the global scale, these numbers increase to 4, 13, 10 and 6 measurements respectively. These values are used when considering the independent measurements. If the spatial correlation of measurements is identified at the global scale, the testing points will be distributed with a sampling distance of at least the correlation length in order to optimize the strategy of diagnosis. For example, 13 measurements of electrical resistivity can be carried out on the D1 slab with a spacing of 60 cm.
Assessing material variability on a RC bridge

Bridge description and NDT
Within the framework of the C2D2-ACDC French collaborative project, a highway bridge was selected to perform many NDT measurements on an existing structure. This bridge is located near Valenciennes, in North of France. It is made of three parallel bridges oriented East-West, laying on a series of sixteen 6-meter high trapezoidal piers. The pier width increases from 1.72 m at the bottom to 2.9 m at the top. The pier thickness is 50 cm.
We will focus here on the analysis of UPV and rebound measurements. The spatial variability of the concrete has been evaluated on a testing area of 200x100 cm² on a bridge pier, which has a regular reinforcing mesh of 25x25 cm². This pier had been identified by preliminary measurements as the most contrasted among all piers. According to the laboratory results, four UPV measurements with spacing of 7 cm, and twelve rebound measurements with spacing of 5 cm were performed respectively in each reinforcing mesh area. Thus there were a total of 120 UPV measurements and 288 rebound measurements.
Experimental results
In the first step, the statistical analysis of measurements shows that 90 % of UPV values range between 4070 m/s and 4667 m/s (FIG. 2) , and 90 % of rebound values range between 44 and 55. The CV values are also calculated to be 3.7% with a mean of 4389 m/s for UPV and 7.2% with a mean of 50.4 for rebound. The results show the normal distribution for both techniques.
FIG. 2 -Cumulative distribution and variogram of UPV
In the second step, the concrete properties of the bridge pier are assumed as spatially correlated with variograms. The experimental variogram of UPV is also plotted in figure 2. This variogram is modeled by the spherical model (Eq. 4) with a specific range of 40 cm and a sill of 23500 in m²/s². This sill infers a variation of 153 m/s, which corresponds to the global variability of UPV measurements. The nugget effect is equal to 10000 in m²/s². This value shows that the local variability of UPV is about 100 m/s at distances smaller than 7 cm, including the measurement error.
with a is the range, C o is the nugget effect, C o + C is the sill, and h is the lag distance.
The main difference with the study on the slabs is that some spatial correlation is here clearly visible, even for UPV measurements; with a nugget which is about half the sill value. The range, distance at which the values can be considered as uncorrelated is about 40 to 60 cm. This distance is important, since it provides an indication of how to carry out investigations if one wants to assess the pier properties. Using this distance and the CV value, the minimum number of NDT measurements is required at least 6 for a testing area of 2 m². In the case of the investigated pier, three measurements per m² are required for 2% accuracy of mean value.
In the next step, the ordinary Kriging was used and two maps were built for UPV and rebound (FIG. 3) . Both maps highlight the non-homogeneity of the concrete on the investigated area. A significant difference between the left and right parts of this area is clearly visible by both techniques. These maps allow the exhibition of the spatial variability of the mechanical properties in order to optimize the location of cores. 
Conclusions
The results have been obtained from a two-stage experimental program on an outdoor site-test and a highway bridge. The aim was to analyze the ability of several NDT for assessing the spatial variability of concrete structures in the real conditions, at different scales: point, local and global. Regarding the magnitude of NDT variability, one is possible to assess the variation of mechanical property (strength) or physical properties (humidity, porosity) by the empirical law. Another is possible to evaluate the minimum number of measurements with an uncertainties level given, at various scales, for each specific survey.
In development, the spatial correlation of NDT measurements is identified by geostatiscal tools. Some correlation length is identified, ranging 40-60 cm for ultrasonic and electrical resistivity on the limited surface of 2 m dimensions. This makes it possible to predict the material property of non-sample points by the testing points in which the correlation length. It will be used for optimizing the diagnosis strategy of large structure elements. In consequence, it allows the reduction of the number of measurements without decreasing the evaluation quality for either the sample mean, or the material variability.
